, which is transiently expressed and regulates telomere elongation and genome stability in mouse embryonic stem (ES) cells. The aim of this study was to examine the expression of ZSCAN4 in the adult pancreas and elucidate the role of ZSCAN4 in tissue inflammation and subsequent regeneration. The expression of ZSCAN4 and other progenitor or differentiated cell markers in the human pancreas was immunohistochemically examined. Pancreas sections of alcoholic or autoimmune pancreatitis patients before and under maintenance corticosteroid treatment were used in this study. In the adult human pancreas a small number of ZSCAN4-positive (ZSCAN4 ϩ ) cells are present among cells located in the islets of Langerhans, acini, ducts, and oval-shaped cells. These cells not only express differentiated cell markers for each compartment of the pancreas but also express other tissue stem/progenitor cell markers. Furthermore, the number of ZSCAN4 ϩ cells dramatically increased in patients with chronic pancreatitis, especially in the pancreatic tissues of autoimmune pancreatitis actively regenerating under corticosteroid treatment. Interestingly, a number of ZSCAN4 ϩ cells in the pancreas of autoimmune pancreatitis returned to the basal level after 1 yr of maintenance corticosteroid treatment. In conclusion, coexpression of progenitor cell markers and differentiated cell markers with ZSCAN4 in each compartment of the pancreas may indicate the presence of facultative progenitors for both exocrine and endocrine cells in the adult pancreas. autoimmune pancreatitis; facultative progenitor cells; regeneration AUTOIMMUNE PANCREATITIS IS a form of chronic pancreatitis characterized by diffuse swelling of the affected gland and a high serum immunoglobulin G type 4 concentration (19) . In patients with autoimmune pancreatitis, pancreatic exocrine (and also most of the time endocrine) function is severely damaged by inflammation. An anti-inflammatory regimen with corticosteroids is widely used as a treatment for autoimmune pancreatitis to ameliorate the swelling of the pancreas and obstructive jaundice (10) . In a previous study we have shown that, in patients with autoimmune pancreatitis, corticosteroid restores severely damaged pancreatic tissues functionally and morphologically, which is accompanied by the disappearance of inflammatory cells and massive regeneration of pancreatic tissues (11) . We have also shown that regeneration of exocrine cells paralleled the increase of immunoreactivity for CD133 (prominin-1), one of the markers for hematopoietic (27) , intestinal (29) , and pancreatic (20) progenitors. These findings lead us to the hypothesis that pancreatic progenitor cells reside even in severely damaged autoimmune pancreatitis tissues and give rise to mature differentiated cells in the adult human pancreas after corticosteroid treatment (11) .
Recently we have identified zinc finger and SCAN domain containing 4 (Zscan4), a gene that is specific in mammals, expressed exclusively in late two-cell stage mouse embryos (4), and transiently expressed in mouse embryonic stem (ES) cells (28) . Zscan4 can extend telomeres and plays an essential role in the maintenance of genome stability. Transient Zscan4 expression, or oscillation between the Zscan4-negative (Zscan4 Ϫ ) and -positive (Zscan4 ϩ ) state, is indispensable for the maintenance of a normal karyotype, telomere length, and thus the immortality of ES cells (28) . In addition, mouse Zscan4 gene was shown to be a potent reprogramming factor for the generation of induced pluripotent stem (iPS) cells (8) . Considering the critical function of Zscan4 in ES cells, we hypothesized that ZSCAN4 may also be expressed transiently in stem/progenitor cells even in the adult human pancreas.
Here we have identified ZSCAN4 ϩ cells in the adult human and mouse pancreas by immunohistochemistry. ZSCAN4 ϩ cells are present not only in pancreatic ducts, which are the sites of the previously identified pancreatic stem/progenitor pool (5, 9, 20, 21, 24) , but also in the islets of Langerhans (6), exocrine acinar cells (22) , and oval-shaped cells [putative quiescent pancreatic stellate cells (14) ]. ZSCAN4 was colocalized with known progenitor cell markers in the pancreas and other organs such as polycomb group protein BMI1 (22) , carbonic anhydrate II (CAII) (6, 9) , neurogenin 3 (NEUROG3) (6), leucine-rich repeat-containing, G protein-coupled receptor 5 (LGR5) (2) , and Doublecortin and CaM kinase-like-1 (DCAMKL-1) (16) and with known differentiated cell markers for each compartment of the pancreas such as aquaporin 1 (12) for duct cells, amylase for acinar cells, pancreatic hormones for endocrine cells, and desmin and glial fibrillary acidic protein (GFAP) for pancreatic stellate cells (1) . These findings indicate the presence of rare facultative progenitor cells in both the exocrine and endocrine compartments of the human and mouse pancreas.
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MATERIALS AND METHODS
Subjects. Surgically resected pancreatic tissues and pancreatic biopsy samples were used for immunohistochemical analyses. Pancreatic tissues that were resected for the treatment of biliary carcinoma (n ϭ 3) were used as controls, and tissues resected for the treatment of chronic alcoholic pancreatitis (n ϭ 3) were also used. Pancreas biopsy samples from patients with autoimmune pancreatitis were reported previously (18) . All pancreatic biopsies were performed to exclude malignancy, and written informed consent was obtained from each patient before the procedure. Under the visual guidance of endoscopic ultrasonography (GF-UCT240; Olympus), pancreatic tissues were obtained from the body of the pancreas using a 19-gauge Trucut biopsy needle (Wilson-Cook). Patients met the following 2006 revised Japanese clinical diagnostic criteria for autoimmune pancreatitis: diffuse swelling of the pancreas, irregular narrowing of the main pancreatic duct, and a positive test for autoantibodies or a high immunoglobulin G (Ն1,800 mg/dl)/immunoglobulin G4 concentration (Ն135 mg/dl). Among patients with autoimmune pancreatitis, three patients were subjected to a pancreatic biopsy at the following three different times: at the time of diagnosis, 3 mo after the initiation of corticosteroid treatment, and after 1 yr of maintenance corticosteroid treatment (11) . A standard protocol for oral corticosteroids was as follows: prednisolone at 30 mg/day for 1 wk as an initial dose, 20 mg/day for a second week, 10 mg/day for four additional weeks, and 5 mg/day as a maintenance dose all through the observation period (11) . All of the procedures for obtaining human samples were ap- proved by the Institutional Ethics Committee of the Nagoya University Hospital and the Aichi Cancer Center Hospital.
Animals. C57BL/6 mice were purchased from Japan SLC (Hamamatsu, Japan). Male mice at 8 -10 wk were used for acute pancreatitis experiments. Experimental procedures for animal samples were approved by the Institutional Animal Care and Use Committee of the Nagoya University Graduate School of Medicine.
Caerulein-induced acute pancreatitis. Pancreatitis was induced by intraperitoneal injections of 50 g/kg caerulein (Sigma, St. Louis, MO) in 0.9% NaCl. Controls received equal volumes of 0.9% NaCl injected intraperitoneally. The pancreas was removed from mice at 1 day and 4 days after the beginning of six caerulein injections at hourly intervals.
Immunohistochemistry and immunofluorescence. Both human and mouse pancreases were fixed in 10% formalin and embedded in paraffin. Embedded tissues were thin-sliced with a Leica microtome (Leica Microsystems, Wetzlar, Germany) at 5 m. Sections were deparaffinized, permeabilized, and used for immunohistochemical analyses. The numbers of immunopositive cells in both human and mouse pancreas were counted by two independent observers who were blinded to the conditions.
Antibodies. Antibodies used in this study are summarized in Table 1 . Antibodies were diluted according to the manufacturer's recommendation. For immunohistochemistry, immunoreactions were intensified using Histofine Simple Stain MAX-PO reagent (Nichirei Biosciences, Tokyo, Japan). Immunolabeling was visualized using 3,3=-diaminobenzidinetetrahydrochloride as substrate for horseradish peroxidase. Sections were counterstained with Mayer's hematoxylin. For immunofluorescence, Alexa Fluor 488 (green)-, Alexa Fluor 596 (red)-, or Alexa Fluor 350 (blue)-labeled secondary antibodies were used for double or triple staining as appropriate. Immunolabelings were microphotographed with Olympus fluorescence microscopy (AX80; Olympus, Tokyo, Japan). Cell nuclei were counterstained with Hoechst 33258.
RT-PCR analysis of ZSCAN4 expression in human tissues. Human multiple tissue cDNA panel (catalog no. 636742; Takara Bio, Shiga, Japan) was subjected to the analysis of ZSCAN4 expression at the RNA level. ZSCAN4-specific primers for PCR were designed based on the nucleotide sequence of NCBI reference sequence no. NM_152677.2.
Materials. All of the reagents in molecular biology grade were obtained from Sigma-Aldrich unless otherwise stated.
Statistical analysis. Statistical analysis was performed with the Mann-Whitney test. Differences with a P value of Ͻ0.05 were considered statistically significant. All values were expressed as means Ϯ SD. 
RESULTS
Presence of ZSCAN4
ϩ cells in adult human pancreas. Although public database searches did not reveal any human tissues with high ZSCAN4 expression, RT-PCR analysis detected low levels of expression of ZSCAN4 in all the major organs examined, including the pancreas and placenta with relatively high expression (Fig. 1A) . We reasoned that such a low level of expression of ZSCAN4 can be explained by its transient expression in a relatively small number of cells in adult tissues. Indeed, immunohistochemical analyses of the human pancreas with antibodies against human ZSCAN4 revealed that, although the ma- jority of human pancreatic tissues were negative for ZSCAN4 staining, a very small number of cells showed strong nuclear and cytoplasmic staining for ZSCAN4 in all the major compartments (i.e., the islets of Langerhans, acini, and ducts) of the adult human pancreas (Fig. 1B) and mouse pancreas (Fig. 1C) . As validation for the human ZSCAN4 antibody, we confirmed that both antibodies against human ZSCAN4 and mouse Zscan4 used in our earlier studies (28) marked almost identical cells on either human (Fig. 1D) or mouse pancreas (Fig. 1E) nase 1 (ALDH1) for duct progenitors, and NEUROG3 for endocrine progenitors (6, 25 identified intestinal (15) and pancreatic (16) stem/progenitor cell marker, was also expressed in very rare cells in a subset of both exocrine and endocrine pancreatic cells (Fig. 4G ) and was coexpressed with ZSCAN4 (Fig. 5G ). The population of rare cells marked with BMI1 ϩ and LGR5 ϩ was largely overlapped, and a fraction (ϳ10%) of BMI1 ϩ /LGR5 ϩ cells was also ZSCAN4 ϩ (Fig. 6, A and B) . The expression patterns of marker genes in each cell type are summarized in Table 2 . Taken together, coexpression of ZSCAN4 and progenitor cell markers of each compartment (i.e., CAII in Figs. 4A and 5B, ALDH1 in Figs. 4C and 5C, and NEUROG3 in Figs. 4D and 5D ) as well as across compartments (i.e., BMI1 in Fig. 4A, LGR5 in Fig.  4F , and DCAMKL-1 in Fig. 4G) suggests that Zscan4 marks a portion of pancreatic cells that have been previously ascribed as progenitor cells (7, 9, 14, 17, 21, 23, 25, 26) .
A subset of oval-shaped cells express ZSCAN4 along with progenitor cell markers and differentiated cell markers.
In addition to cells in the duct, acini, or islet, we noticed that the expression of ZSCAN4 was detected in oval-shaped cells (tentatively referred to as oval cells), which exist as a single cell or sometimes a cluster of a few cells between adjacent pancreatic acini (Fig. 1, B and C) . In the human pancreas, the oval cells seemed to be the only cell type that could be stained with a SSEA3 antibody (Fig. 4E) , a marker for adult human stem cells recently identified in skin fibroblasts and bone marrow stromal cells (13) . In addition, these oval cells were also positive for CD163 (Fig. 2G) , a marker for monocytes and macrophages. From their location, cell morphology, and the expression of desmin (1, 3 ϩ . Furthermore, pancreatic stellate cells of the typical morphology with protrusions, so-called "activated pancreatic stellate cells (8)," were not stained with either ZSCAN4 (Fig. 1B) or SSEA3 (Fig. 4E) . Interestingly, these rare ZSCAN4 ϩ oval cells expressed both differentiated and undifferentiated cell markers such as AQP1 (Fig. 6, C, D, F, and G) , amylase (Figs. 3B, 6D , and 6E), insulin (Figs. 3C, 6D , 6E, and 6G), glucagon (Fig. 3D) , BMI1 (Figs. 5A and 6F), SSEA3 (Figs. 5E and 6G), and LGR5 (Fig.  5F ). We note that a possibility of bone marrow origin of the ZSCAN4 ϩ oval cells cannot be excluded at this point, since they expressed both SSEA3 and CD163 (Fig. 5G) . This notion may be consistent with previous reports that at least some of the pancreatic stellate cells originate from bone marrow (see Refs. 14 or 26 for review).
Chronic inflammation increases the number of ZSCAN4
ϩ cells in adult human pancreas. We further noticed that ZSCAN4 expression levels varied among tissues from different subjects. In sharp contrast to the normal pancreas of unaffected individuals, where ZSCAN4 ϩ cells were very rare and rather difficult to spot (Fig. 7A) , a dramatic increase of ZSCAN4 expression was observed in tissues with chronic alcoholic pancreatitis (Fig. 7B) and autoimmune pancreatitis (Fig. 7, C  and D) . Such an increase of ZSCAN4 ϩ cells was particularly notable in some areas (the acinar cells and the islet) that appear to be intact among the tissues damaged severely by alcoholic pancreatitis (Fig. 7B) . ZSCAN4 ϩ cells were even more abundant in the pancreatic tissues with autoimmune pancreatitis, where pancreatic cells were actively regenerating after a 3-mo corticosteroid treatment (Fig. 7E) . Interestingly, the number of ZSCAN4 ϩ cells returned to a basal level after 1 yr of maintenance corticosteroid treatment for autoimmune pancreatitis (Fig. 7F) . To assess these changes more quantitatively, we counted the number of ZSCAN4 ϩ cells per high-power field in each condition (Fig. 7G) . These data indicate that the inflammation, destruction, and restoration of pancreatic tissues are accompanied with the increase of ZSCAN4 ϩ cells, suggesting the involvement of the ZSCAN4 ϩ state in tissue damage (inflammatory insult) and subsequent regeneration (differentiation).
Acute inflammation increases the number of ZSCAN4 ϩ cells in mouse caerulein pancreatitis. To experimentally validate our observations in human alcoholic chronic pancreatitis and autoimmune pancreatitis, we used a well-established caeruleininduced acute pancreatitis model in mouse. In control mice, the number of Zscan4 ϩ cells was very low, as expected (Fig. 8A ). The number of Zscan4 ϩ cells dramatically increased 1 day after caerulein injections six times at hourly intervals, but returned to the basal level as early as the 4th day after the injection. Essentially, the same trends were observed for BMI1, SSEA3, NEUROG3, and LGR5 (Fig. 8, B-E) . The rapid increase and subsequent decrease of Zscan4 ϩ cells without noticeable structural changes indicate that the increase of Zscan4 ϩ cells was not caused by the proliferation of Zscan4 ϩ cells but rather caused by the rapid upregulation of Zscan4 expression, which is accompanied with the rapid upregulation of other progenitor markers. These observations in mouse acute pancreatitis are quite consistent with the finding that ZSCAN4 in the human pancreas is remarkably upregulated in chronic inflammation irrespective of etiology. 
DISCUSSION
In the current study, we have identified a rare population of cells that express ZSCAN4 in adult human pancreas. We have also found that the number of ZSCAN4 ϩ cells dramatically increases during inflammation associated with alcoholic or autoimmune pancreatitis, which is subsequently reduced to the basal level after the regeneration of pancreatic tissues and the restoration of their function by corticosteroid hormone treatment. An increase of ZSCAN4 ϩ cells by inflammation has also been confirmed by using experimental pancreatitis models in mouse. It is worth mentioning that the current study is indeed the first report of the expression of human ZSCAN4 in any human cells and tissues. Considering the demonstrated function of Zscan4 in mouse ES cells (28) and during reprogramming (8), it is tempting to consider that ZSCAN4 ϩ cells in the adult human pancreas may undergo similar processes, such as telomere elongation (28) and epigenetic reprogramming (8) . However, such a possibility remains to be investigated.
Although the current study is limited primarily to the descriptive observational study of human pancreas in normal and diseased states as well as mouse-induced pancreatitis, the detailed immunohistochemical studies have revealed the presence of rare and unique populations of cells that coexpress ZSCAN4, stem/progenitor markers, and markers specific to the differentiated cells in distinct compartments of pancreas: ducts, acini, islets of Langerhans, and oval cells. Considering all the data together, we propose that cells in each compartment (e.g., acinar cells), which usually do not express ZSCAN4, infrequently transition to the ZSCAN4 ϩ state while retaining the expression of specific markers (e.g., amylase) (Fig. 9A) . The transition of differentiated pancreatic cells to the ZSCAN4 ϩ state can be stimulated by inflammation (Fig. 9A) (Fig. 9B) (28) . Interestingly, when the differentiated cells in each compartment infrequently become ZSCAN4
ϩ , these cells also express stem/progenitor cell markers, such as BMI1 and LGR5 (Fig. 9A) . The coexpression of stem/progenitor cell markers and differentiation markers in the same cell suggests that there are no distinct stem/progenitor cell pools that are set aside from the differentiated cells in the pancreas but does suggest the existence of differentiated cells that transiently possess a stem/progenitor cell character (Fig. 9A) . The infrequent presence of ZSCAN4 ϩ cells in the unaffected pancreatic tissues is also consistent with the notion that the pancreas is an organ that does not have active tissue turnover/regeneration without inflammation (4). The model shown in Fig. 9A has been further extended by the following additional intriguing observation: when the differentiated cells in each compartment become ZSCAN4 ϩ , these cells express not only stem/progenitor cells markers but also differentiation markers of other cell types (Fig. 9A) . For example, the expression of insulin was detected in ZSCAN4 ϩ acinar cells, duct cells, and oval cells; the expression of amylase was detected in ZSCAN4 ϩ in duct cells and oval cells. These data suggest that these ZSCAN4 ϩ cells may be able to take phenotypes that are different from the original cell types and further suggest that these mixed endocrine-exocrine cells are progenitors for each compartment of adult human pancreas.
These data seem to be consistent with previous reports: the existence of intermediate endocrine-acinar pancreatic cells in the pancreatic duct ligation condition (5); the commonality of the origin of exocrine and endocrine cells in the pancreas or transdifferentiation from exocrine cells to insulin-positive endocrine cells in a specific condition (12, 26, 41) . Overall, our findings are consistent with the notion that facultative stem/ progenitor cells (40) are present in the pancreas. Although further study will be required to obtain evidence that these ZSCAN4 ϩ cells can indeed differentiate to mature exocrine and endocrine cells in vivo and in vitro, the concept of facultative stem/progenitor cells is not only consistent with our data but may also help to explain some of the controversial issues regarding the stem/progenitor cells in adult pancreas: the presence of functional stem/progenitor cells that reside in each compartment [i.e., duct cells (10, 12, 16, 29, 31, 32 
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LGR5-SSEA3-NGN3- A possibility of ZSCAN4 ϩ cells being facultative stem/ progenitor cells may also have important implications for the treatment of type 1 diabetes, which is caused by a specific immunological destruction of pancreatic ␤-cells. Major efforts and progress have been made to produce functional ␤-cells for transplantation therapy (1) from human ES cells (7, 17, 21) and iPS cells (2, 37) in vitro. It has also been reported that mature differentiated pancreatic acinar cells were successfully reprogrammed to insulin-secreting ␤-cells in vivo by the forced expression of several transcription factors with adenoviruses (45). However, the production of sufficient quantity of mature pancreatic ␤-cells has not been reported. Considering the presence of a rare population of ZSCAN4 ϩ cells in each compartment of the pancreas, use of these cells as alternative sources for producing ␤-cells might be an attractive option for further study.
